We propose a setup with ultracold atomic gases that can be used to make a nonrelativistic superstring in four spacetime dimensions. In particular, we consider for the creation of the superstring a fermionic atomic gas that is trapped in the core of a vortex in a Bose-Einstein condensate. We explain the required tuning of experimental parameters to achieve supersymmetry between the fermionic atoms and the bosonic modes describing the oscillations in the vortex position. Furthermore, we discuss the experimental consequences of supersymmetry.
In recent years, three topics have in particular attracted a lot of attention in the area of ultracold atomic gases. These topics are vortices [1, 2, 3, 4, 5] , BosonFermion mixtures [6, 7, 8, 9, 10] , and optical lattices [11, 12] . In this Letter we propose to combine these three topics to engineer a superstring in the laboratory, i.e., a line-like quantum object with both bosonic and fermionic excitations and a supersymmetric hamiltonian that is invariant under interchanges of these excitations. The physics of a vortex line in a one-dimensional optical lattice has been studied recently [13, 14] . Because of the optical lattice, the transverse quantum fluctuations of the vortex line are greatly enhanced in this configuration. The vortex can therefore be viewed as a quantum mechanical string and it forms the bosonic part of our superstring. In addition, we propose to trap fermionic atoms in the vortex core, to make a nonrelativistic version of a so-called Green-Schwarz superstring in four spacetime dimensions. Because our ultracold superstring is nonrelativistic, it is not constrained to the ten-dimensional spacetimes in which superstrings are usually studied in high-energy physics. The precise mathematical connection with string theory is currently under investigation.
Apart from the connection to string theory, our ultracold superstring is also of interest in its own right. To the best of our knowledge, it is the first condensed-matter system proposed, where supersymmetry can be studied experimentally. The intruiging possibility of observing effects of supersymmetry is common in high-energy physics, but novel in a condensed-matter setting. In this particular case, the supersymmetry protects the superstring from spiraling out of the gas. This can be understood from the fact that the dissipation resulting in this motion has two sources, namely the creation of two additional bosons in the transverse oscillations of the vortex, and the production of an additional particle-hole pair of fermions. At the supersymmetric point these two contributions interfere destructively and the stability of the superstring is greatly enhanced. Moreover, the ultracold superstring allows for the study of a quantum phase transition that spontaneously breaks supersymmetry. Experimentally this will be directly visible by observing the superstring spiraling out of the center of the gas. Note that supersymmetry can only be realized at zero temperature and we consider only this case from now on.
To form the superstring we start with a cigar-shaped Bose-Einstein condensate. The symmetry axis will be called the z-axis from now on. Rotation of the condensate along the z-axis creates a vortex. Above a critical external rotation frequency Ω c a vortex in the center of the condensate is stable. For Ω < Ω c the vortex is unstable, but because of its Euler dynamics, it takes a relatively long time before it spirals out of the gas [3, 15, 16] . We analyze in detail the case of Ω = 0, i.e., the situation in which the condensate is no longer rotated externally after a vortex is created. However, the physics is very similar for all Ω < Ω c , where supersymmetry is possible.
Next a one-dimensional optical lattice is imposed. Such an optical lattice consists of two identical counterpropagating laser beams and provides a periodic potential for atoms. When applied along the z-axis of the condensate, the optical lattice divides the condensate into weakly-coupled pancake-shaped condensates, each containing typically of the order of N B ≃ 10 3 bosonic atoms. Moreover, in the case of a red-detuned lattice, the gaussian profile of the laser beam provides also the desired trapping in the radial direction. In the one-dimensional optical lattice the vortex line becomes a chain of so-called pancake vortices. Since the quantum fluctuations of the vortex position are proportional to 1/N B [13] , they are greatly enhanced in this configuration as compared to the bulk situation. An added advantage of the stackedpancake configuration is the particle-like dispersion of the vortex oscillations, which ultimately allows for supersymmetry with the fermionic atoms in the mixture. Nearest-neighbor pancake vortices attract each other due to the Josephson effect that is a result of the hopping of atoms between neighboring wells of the optical lattice. The stiffness of the vortex line is therefore determined by the hopping amplitude. The vortex oscillations are bosonic excitations with a tight-binding dispersion [13] . These excitations are known as Kelvin modes and pro- vide the bosonic part of the superstring. Without the optical lattice Kelvin modes have already been observed experimentally [17, 18] .
For the fermionic degrees of freedom of the superstring, we need to place a fermionic atomic species in the vortex core. If the interspecies interaction between fermionic and bosonic atoms is repulsive, the fermions can be made to populate bound states in the vortex core where the boson density is lowest. More precisely, the ratio a BF /a BB of the boson-fermion scattering length and the bosonboson scattering length needs to be sufficiently large. The trapping of atoms in bound states within a vortex core has already been achieved for atoms in a different hyperfine state [1, 3] . The presence of fermions within the vortex core in principle provides a mass to the vortex. This modifies the Euler dynamics, but this effect can safely be ignored under all conditions of interest to us, because the ratio N F /N B of the number of fermionic atoms and the number of bosonic atoms per site turns out to be very small. The general properties of our proposed system are summarized in Fig. 1 .
A convenient choice for the boson-fermion pair is 87 Rb and 40 K, since such Boson-Fermion mixtures have recently been realized in the laboratory [6, 7, 8, 9] and because the resonance lines in these two atomic species lie very nearby. In this case, for typical bosonic densities, the ratio a BF /a BB needs to be larger than 2 to have a bound state in the vortex core. This is calculated by using the condensate density profile as an effective potential for the fermions. The interspecies scattering length can be made positive and large either by choosing the appropriate spin states or by means of various broad Feshbach resonances that can make the interaction repulsive while keeping the probability to create molecules negligible [19] . The calculations presented in this Letter are for the 87 Rb -40 K mixture, but in principle it is also possible to use other mixtures. Another Boson-Fermion mixture that has been realized in the laboratory consists of 23 Na and 6 Li atoms [10] . This mixture is less convenient because the resonance lines are widely separated, so that the two species feel very different optical potentials and it is hard to trap both with a single laser. In addition, 6 Li is relatively hard to trap in an optical lattice because of its small mass. For these reasons, the 23 Na- 6 Li mixture can only be used in a very restricted parameter regime, as shown later on in Fig. 2 .
The laser intensity needs to be strong enough that there is a bound state for the atoms at each site, but not strong enough to drive the system into a Mott insulator state [11, 12, 20] , in which case the pancake vortices no longer bind together. Given the frequencies of the D 1 and D 2 resonance lines ω D1 and ω D2 , respectively, the optical potential for the atoms is given by Because of the use of a single laser the fermionic and bosonic atoms experience lattice potentials with the same periodicity, but with different well depths (cf. Fig. 1b) . Ignoring their interactions, the fermionic atoms and the kelvon excitations now both have a tightbinding dispersion 2J[1 − cos(kλ/2)], with hopping amplitudes J F and J K , respectively. Therefore, by making the hopping amplitudes of the kelvons and the fermionic atoms equal, the lattice laser can be tuned in such a way that the kelvon and fermion dispersions coincide, which is a first requirement for supersymmetry. 23 Na-6 Li (dotted line). Note that for the blue-detuned part, i.e., λ < 760 nm for the 87 Rb-40 K mixture extra radial trapping is needed, either magnetically, or by using an extra running laser as discussed later in the text and shown in Fig.  3 . In Fig. 3 we display how to tune the running laser to obtain also supersymmetric interactions. The numbers (1)- (4) indicate the parameters for which this is calculated. The inset shows the average number of fermions per lattice site. This depends linearly on the ratio of the harmonic lengths in the axial and radial directions. This ratio should be sufficiently small to be radially in the Thomas-Fermi limit. For this plot a ratio of 1/5 is chosen.
is the incomplete gamma function [13] . The ratio ℓ/R is determined by the number of bosonic atoms per site N B and the strength of their repulsive interaction. One criterion for supersymmetry is, therefore,
In Fig. 2 is indicated how to tune the wavelength and Rabi frequency of the lattice laser to achieve this. Note that we implicitly assumed that the fermionic hopping parameter is independent of the presence of kelvons, which is justified for the long wavelengths of interest, because then the difference between the positions of the nearest-neighbor pancake vortices is negligible with respect to the core size. A second requirement is that the chemical potential of the kelvons is equal to the chemical potential of the fermions. Therefore, the filling factor of the fermions has to be adjusted accordingly. Equating the chemical potential of the kelvons and fermions we get
From this we can derive that the average number of fermions per lattice site is given by N F = 2 arcsin[ µ F /4J F ]/π. For typical parameters the number of fermions per lattice site turns out to be of the order of 0.1, as shown in the inset of Fig. 2 . Tuning the system parameters to lie on the curves in Fig. 2 makes the string supersymmetric. The system is then invariant under unitary transformations of the bosonic and fermionic excitations among each other. In our superstring realization there are also bosonboson and boson-fermion interactions. The kelvons interact repulsively among each other when Ω < Ω c [14] . In addition, a repulsive interaction between the kelvons and the fermionic atoms is generated by the fact that physically the presence of a kelvon means that the vortex core moves off center, together with the fermions trapped in it. Because of the confinement experienced by the trapped fermions in the radial direction, this increases the energy of the vortex. The kelvon-kelvon interaction coefficient is given by 14] , and the kelvon-fermion interaction coefficient is found to be V KF = C F R 2 /2N B . Setting these coefficients equal to each other gives the third condition for supersymmetry, i.e.,
where C B,F are the spring constants associated with the radial confinement of the bosonic and fermionic atoms, respectively. For the 87 Rb-40 K mixture, supersymmetric interactions require the ratio of the radial trapping potentials for the bosonic and fermionic atoms to be large, of the order of 100. This cannot be achieved by a magnetic potential, since the magnetic moment of the two species is almost the same. To overcome this problem, we propose to apply an extra running laser beam along the z-direction. The new laser beam does not influence the one-dimensional potential wells, but it does change the radial confinement and can therefore be used to tune the interaction terms equal. In principle this second laser also introduces interference terms, but they turn out to be negligible, since they oscillate faster than the atoms are able to follow. Hence, the intensities of the two lasers can simply be added. The detuning of the second laser has to be opposite to the detuning of the first laser. For the second laser, we can again independently choose both the wavelength and the Rabi frequency as shown in Fig. 3 . This can be used to minimize the atom loss due to the reddetuned laser, but it turns out that atom loss is always quite small anyway for reasonable system parameters: at worst the lifetime of the system is already 3 seconds. Combining all these effects, our superstring is described by the supersymmetric hamiltonian
